Introduction
============

Honey, a sweet natural product known for its nutritive value and beneficial health effects, is produced by honeybees (*Apis mellifera* L.) which directly select nectar from plants or from excretions of plant sucking insects (i.e., honeydew) ([@b1-ijmm-42-02-0726]). Honey is essentially a concentrated aqueous solution of carbohydrates, mainly fructose (\~38%) and glucose (\~31%) and other oligo- and polysaccharides, consisting \~95% of the dry weight of honey ([@b2-ijmm-42-02-0726]). Apart from carbohydrates, honey contains \>200 different compounds, such as enzymes (e.g., glucose oxidase and catalase), proteins, vitamins (e.g., vitamins C and E), amino and organic acids, lipids, minerals and phytochemicals (e.g., polyphenols) ([@b2-ijmm-42-02-0726]). Although these components constitute a minor part of honey, they significantly contribute to its beneficial effects on health ([@b3-ijmm-42-02-0726]). However, the chemical composition among different types of honey varies greatly due to the botanical and entomological source, as well as the climate and environmental conditions ([@b4-ijmm-42-02-0726],[@b5-ijmm-42-02-0726]).

Honey exhibits potent antibacterial activity; thus, its use in modern medicine represents an attractive alternative treatment to combat multidrug resistant pathogens ([@b6-ijmm-42-02-0726],[@b7-ijmm-42-02-0726]). The antibacterial activity of honey is attributable to different factors, including hydrogen peroxide, a low pH and high osmolarity ([@b7-ijmm-42-02-0726],[@b8-ijmm-42-02-0726]). Methylglyoxal (MGO) and the antibacterial peptide, bee defensin-1, have been identified as important factors of the antibacterial activity exerted by certain types of honey. Furthermore, it has been shown that the antibacterial factors of honey may exhibit overlapping activity ([@b9-ijmm-42-02-0726]-[@b11-ijmm-42-02-0726]). The antibacterial potency among different honey types is variable, primarily depending on its botanical, seasonal and geographical source, although harvesting, processing and storage conditions may affect the antibacterial properties of honey ([@b7-ijmm-42-02-0726],[@b12-ijmm-42-02-0726]).

Manuka honey originates from the Manuka bush (*Leptospermum scoparium*), an endemic plant grown in New Zealand. There are a number of studies documenting the antibacterial activity of Manuka honey against various bacterial pathogens ([@b7-ijmm-42-02-0726],[@b13-ijmm-42-02-0726],[@b14-ijmm-42-02-0726]). However, recent studies on the antibacterial properties of diverse honey types produced worldwide have reported similar or superior antibacterial efficacy compared to Manuka honey. These findings have suggested that further research could identify medically useful honey types which may have distinct advantages over Manuka honey ([@b6-ijmm-42-02-0726],[@b7-ijmm-42-02-0726],[@b15-ijmm-42-02-0726],[@b16-ijmm-42-02-0726]).

Apart from the antibacterial effects of honey, its antioxidant properties are also considered important ([@b17-ijmm-42-02-0726]). The antioxidant activity of honey is attributed mainly to its polyphenols (e.g., flavonoids and phenolic acids), antioxidant enzymes (e.g., catalase and peroxidase), vitamins (e.g., vitamin C), Maillard reaction products (e.g., melanoidins), and carotenoids and amino acids (e.g., proline). Several studies have reported that the antioxidant compounds of honey may prevent oxidative stress-induced pathological conditions ([@b18-ijmm-42-02-0726],[@b19-ijmm-42-02-0726]).

It is known that the chemical composition of honey and consequently its bioactivity depends on the botanical source ([@b4-ijmm-42-02-0726],[@b5-ijmm-42-02-0726]). Therefore, investigating the bioactivity of different types of honey harvested in regions of high plant biodiversity is of great interest. The famous Mount Olympus (Mt. Olympus) in Greece, apart from its mythological interest, contains a very rich plant biodiversity due to special climatic conditions, where a high mountain (2,918 m) spreads next to the Aegean Sea ([@b20-ijmm-42-02-0726],[@b21-ijmm-42-02-0726]). Furthermore, Mt. Olympus is the meeting point of Mediterranean and Central European floras and it is a major refuge of ancient European species ([@b20-ijmm-42-02-0726],[@b21-ijmm-42-02-0726]). In the Mt. Olympus area, \>1,500 plant species have been recorded (i.e., 25% of Greek flora) of which 26 are endemic ([@b20-ijmm-42-02-0726]). Thus, the aim of this study was to examine the antibacterial and antioxidant activity of 21 different types of honey that were derived from the Mt. Olympus area, in comparison to Manuka honey.

Materials and methods
=====================

Honey samples
-------------

A total of 21 different types of honey, which were derived from the Olympus mountain area were provided by individual beekeepers and beekeeper associations. Each sample was assigned a unique reference number and details regarding the botanical source (if available), the geographical location and date of harvest were also recorded ([Table I](#tI-ijmm-42-02-0726){ref-type="table"}). Honey samples were stored in glass containers at room temperature in the dark. The identification of the botanical source of each honey type was performed by the providers based on the flora availability during the harvest season, the location of the apiary and, in some cases, pollen analysis. Manuka honey MGO 550^+^ (Manuka Health, Auckland, New Zealand) was used as a positive control throughout this study, while laboratory-synthesized honey was used as a negative control. Laboratory-synthesized honey was prepared by dissolving 3 g sucrose, 15 g maltose, 80.1 g fructose and 67 g glucose (all supplied by Sigma-Aldrich, Athens, Greece) in 34 ml sterile deionised water. This solution was heated to 56°C in a water bath to aid dissolving, as previously described ([@b7-ijmm-42-02-0726]).

Bacterial strains and growth conditions
---------------------------------------

The antibacterial activity of the different types of honey was tested against methicillin-resistant *Staphylococcus aureus* (*S. aureus*) strain 1552 and carbapenem-resistant *Pseudomonas aeruginosa* (*P. aeruginosa*) strain 1773. Both clinical strains were identified and characterized by standard laboratory methods (kindly provided by Professor Spyros Pournaras, School of Medicine, University of Athens, Athens, Greece). The bacteria were routinely grown in Mueller-Hinton Broth (Lab M, Bury, UK) or Mueller-Hinton agar (Lab M) at 37°C.

Agar well diffusion assay
-------------------------

The assay was performed on the basis of the the Clinical and Laboratory Standards Institute (CLSI, former NCCLS) guidelines as previously described ([@b7-ijmm-42-02-0726]). Briefly, overnight bacterial cultures grown in Mueller-Hinton broth were adjusted to 0.5 McFarland turbidity standard (\~1.5×10^8^ CFU/ml). Mueller-Hinton agar plates were inoculated with roughly 10^6^ CFUs over the entire surface of the plate. Three wells of 6 mm in diameter were cut into the surface of the agar using a sterile cork borer. Subsequently, 100 *µ*l \[50% v/v in phosphate-buffered saline (PBS)\] of the tested honey types, Manuka honey and laboratory-synthesized honey were added separately to each well. The plates were incubated at 37°C for 16-18 h. The diameter of the inhibition zones, including the diameter of the well, was recorded. The diameter of the inhibition zone, if present, in the negative control was recorded and subtracted from the inhibition zones of the tested, as well as of Manuka honey. Each assay was carried out in triplicate.

Determination of minimum inhibitory concentration (MIC)
-------------------------------------------------------

The minimum inhibitory concentration (MIC) of the honey types was determined in sterile 96-well polystyrene microtiter plates (Kisker Biotech GmbH & Co. KG, Steinfurt, Germany) using a spectrophotometric bioassay, as previously described ([@b22-ijmm-42-02-0726]). Briefly, overnight bacterial cultures grown in Mueller-Hinton broth were adjusted to a 0.5 McFarland turbidity standard (\~1.5×10^8^ CFU/ml). Approximately 5×10^4^ CFUs in 10 *µ*l Mueller-Hinton broth were added to 190 *µ*l of 2-fold diluted test honey (honey concentration ranged from 50 to 0.78% v/v) in Mueller-Hinton broth. Two-fold serial dilutions of the same range of Manuka honey were included for comparison. The control wells contained only Mueller-Hinton broth-inoculated with bacteria. The optical density (OD) was determined at 630 nm using an ELx808 Absorbance micro-plate reader (BioTek Instruments, Inc., Winooski, VT, USA) just prior to incubation (t=0) and after 24 h of incubation (t=24) at 37°C. The OD for each replicate well at t=0 was subtracted from the OD of the same replicate well at t=24. The growth inhibition at each honey dilution was determined using the formula: % inhibition = 1 − (OD test well/OD of corresponding control well) ×100. MIC was determined as the lowest honey concentration which results in 100% growth inhibition.

Determination of whether the antibacterial activity is attributed to hydrogen peroxide and proteinaceous compounds
------------------------------------------------------------------------------------------------------------------

The MIC values of the honey types treated with bovine catalase or proteinase K was determined and compared to those of untreated honey, as previously described ([@b10-ijmm-42-02-0726]). Briefly, 50% v/v honey in Muller-Hinton broth containing 100 *µ*g/ml proteinase K (HT Biotechnology, Cambridge, UK) or 600 U/ml bovine catalase (Serva, Heidelberg, Germany) was incubated for 16 h at 37°C, and then it was 2-fold diluted and tested as described above. The elevated MIC values of the treated honey compared to the untreated honey revealed the presence of hydrogen peroxide and/or proteinaceous compounds which contributed to the antibacterial activity of the tested honey types.

Determination of free radical-scavenging ability by the use of the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical assay
---------------------------------------------------------------------------------------------------------------------

The DPPH radical scavenging activity of the honey samples was evaluated as previously described ([@b23-ijmm-42-02-0726]). Briefly, a 1 ml freshly prepared methanolic solution of DPPH radical (100 *µ*M) was mixed with tested honey types at different concentrations following dilution in distilled water. The contents were vigorously mixed, incubated at room temperature in the dark for 20 min and the absorbance was read at 517 nm. In each experiment, the tested sample alone in methanol was used as blank and DPPH radical alone in methanol was used as control. The percentage of radical scavenging capacity (RSC) of the tested samples was calculated according to the following equation: RSC (%) = \[(A~control~ − A~sample~)/A~control~\] ×100, where A~control~ and A~sample~ are the absorbance values of the control and the tested samples, respectively. Moreover, in order to compare the radical scavenging efficiency of the samples, the IC~50~ value showing the concentration that caused 50% scavenging of DPPH radical was calculated from the graph plotted RSC percentage against sample concentration. All experiments were carried out in triplicate and at least on 2 separate occasions.

Determination of free radical scavenging ability by the use of the 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS^•+^) radical cation assay
----------------------------------------------------------------------------------------------------------------------------------------------------------

The free radical-scavenging activity of the honey samples was also determined by ABTS radical cation (ABTS^•+^) decolorization assay as previously described by Cano *et al* ([@b24-ijmm-42-02-0726]), with some modifications. In brief, ABTS^•+^ radical was produced by mixing 2 mM ABTS with 30 *µ*M H~2~O~2~ and 6 *µ*M horseradish peroxidase (HRP) enzyme in 50 mM PBS (pH 7.5). Immediately, following the addition of the HRP enzyme, the contents were vigorously mixed, incubated at room temperature in the dark and the reaction was monitored at 730 nm until stable absorbance was obtained. Subsequently, 10 *µ*l of different sample concentrations diluted in distilled water were added in the reaction mixture and the decrease in absorbance at 730 nm was measured. In each experiment, the tested sample alone containing 1 mM ABTS and 30 *µ*M H~2~O~2~ in 50 mM PBS (pH 7.5) was used as a blank, while the formed ABTS^•+^ radical solution alone with 10 *µ*l H~2~O was used as a control. The RSC percentage and the IC~50~ values were determined as described above for the DPPH method. All experiments were carried out in triplicate and at least on 2 separate occasions.

Assessment of the total phenolic content (TPC)
----------------------------------------------

The TPC of the honey samples was determined in accordance with a modified version of the Folin-Ciocalteu method ([@b25-ijmm-42-02-0726]). A 20 *µ*l of the sample was added to a tube containing 1 ml of deionized water. Subsequently, 100 *µ*l of Folin-Ciocalteu reagent were added to the mixture, and the flask was stoppered and allowed to stand at room temperature for 3 min. Thereafter, 280 *µ*l of 25% w/v sodium carbonate solution and 600 *µ*l of deionized water were added to the mixture. Following 1 h of incubation at room temperature in the dark, the absorbance was measured at 765 nm versus a blank containing Folin-Ciocalteu reagent and deionized water without the tested sample. The measurement of absorbance was conducted on a Hitachi U-1900 radio beam spectrophotometer (serial no. 2023-029; Anadrasi S.A., Thessaloniki, Greece). The optical density of the sample (20 *µ*l) in 25% w/v solution of sodium carbonate (280 *µ*l) and distilled water (1.7 ml) at 765 nm was also measured. The TPC was determined using a standard curve of absorbance values correlated with standard concentrations (50-1,500 *µ*g/ml) of gallic acid. The results are expressed as gallic acid equivalents (GAEs) using the standard curve (absorbance versus concentration) prepared from authentic gallic acid.

Preparation of honey powder using the freeze drying method
----------------------------------------------------------

Four of the tested honey types (nos. 3, 4, 7 and 8), which were among the 6 and 5 most potent samples in DPPH and ABTS^•+^ assays, respectively ([Fig. 1](#f1-ijmm-42-02-0726){ref-type="fig"}) were converted to powder using freeze drying. The freeze drying of honey was carried out by using a bench scale lyophilization unit type Scan Vac Labogene (4 l) at a very low temperature (−110°C) and high vacuum (\~0.5 mbar) for 48 h. The material for freeze drying was prepared by mixing and homogenizing 180 g of water, 30 g of honey, 30 g of maltodextrin DE18 and 0.2 g of colloidal silicone dioxide. The homogenized material was filled in the glass jars, put in the freeze for 2 h and then was loaded in the freeze dryer to undergo the lyophilization cycle. The dry cake which was produced after completion of the drying cycle was grinded and converted to a fine powder which was used for the following experimentation.

Statistical analysis
--------------------

All results are expressed as the means ± SD (n=3). For statistical analysis, one-way analysis of variance (ANOVA) was applied followed by Dunnett\'s test for post hoc analysis. All correlation analyses were made using Spearman\'s correlation analysis. Values of P\<0.05 were considered to indicate statistically significant differences. All statistical analyses were performed with the SPSS version 13.0 statistical package (SPSS, Inc., Chicago, IL, USA).

Results
=======

Antibacterial activity of the honey types against *S*. *aureus* and *P*. *aeruginosa*
-------------------------------------------------------------------------------------

Initial screening with the agar-well diffusion assay revealed that all the tested honey types exhibited antibacterial activity against *S. aureus* ([Table II](#tII-ijmm-42-02-0726){ref-type="table"}) and *P. aeruginosa* ([Table III](#tIII-ijmm-42-02-0726){ref-type="table"}). In any case, the antibacterial effects exerted by the tested honey types (including Manuka honey) were more potent against *S. aureus*, as demonstrated by larger inhibition zones, compared to the effects against *P. aeruginosa*. A Spearman\'s correlation analysis was performed using the data of the well diffusion assay for *S. aureus* and *P. aeruginosa* ([Table IV](#tIV-ijmm-42-02-0726){ref-type="table"}). This analysis revealed that there was no correlation between the antimicrobial activities of honey against these two bacterial species.

Determination of MIC values
---------------------------

The MIC values of the tested honey types against *S. aureus* were variable \[3.125-12.5% (v/v)\]. By comparison, the MIC value of Manuka honey has been determined at 6.25% (v/v). Seven honey types (nos. 1, 3, 10, 17, 18, 19 and 20) exhibited a lower MIC value than Manuka honey ([Table II](#tII-ijmm-42-02-0726){ref-type="table"}). Similarly, the MIC values of the tested honey types against *P. aeruginosa* ranged from 6.25-12.5% (v/v), while the MIC value of Manuka honey was determined at 12.5% (v/v). Nine honey types (nos. 8, 10, 12, 14, 15, 17, 18, 20, 21) exhibited a lower MIC value than Manuka honey ([Table III](#tIII-ijmm-42-02-0726){ref-type="table"}).

The antibacterial activity of the honey types is attributed to hydrogen peroxide and proteinaceous compounds
------------------------------------------------------------------------------------------------------------

In order to investigate the mechanisms which may contribute to the antibacterial activity, the honey types demonstrating a high antibacterial activity were treated with catalase and proteinase K. All the catalase-treated honey types exhibited higher MIC values against *S. aureus* than the untreated honey types, indicating that hydrogen peroxide exerts significant antibacterial activity. Furthermore, 4 proteinase K-treated honey types (nos. 3, 10, 17 and 19) exhibited higher MIC values against *S. aureus*, indicating the presence of antibacterial proteinaceous compounds ([Table II](#tII-ijmm-42-02-0726){ref-type="table"}). Similarly, all the catalase-treated honey types exhibited higher MIC values against *P. aeruginosa*, while 6 proteinase K-treated honey types (nos. 8, 10, 12, 14, 15 and 21) exhibited higher MIC values compared to the untreated samples, indicating the presence of antibacterial proteinaceous compounds ([Table III](#tIII-ijmm-42-02-0726){ref-type="table"}).

Antioxidant activity of the different honey types
-------------------------------------------------

Two free radical scavenging assays, DPPH and ABTS^•+^, were used for assessing the antioxidant activity of the honey types. The IC~50~ values of the honey types exhibiting the concentration that caused 50% scavenging of free radicals are presented in [Fig. 1](#f1-ijmm-42-02-0726){ref-type="fig"}. The lower the IC~50~ value, the higher the antioxidant activity. In DPPH assay, the IC~50~ values ranged from 7.5 (sample 8) to 109.0 mg/ml (sample 5) ([Fig. 1](#f1-ijmm-42-02-0726){ref-type="fig"}). A strong DPPH radical scavenging activity was also exhibited by honey type nos. 3, 4 and 1, with IC~50~ values of 10.0, 11.5 and 16.0 mg/ml, respectively ([Fig. 1](#f1-ijmm-42-02-0726){ref-type="fig"}). In the ABTS^•+^ assay, the IC~50~ values ranged from 4.5 (sample 8) to 81.0 mg/ml (sample 11) ([Fig. 1](#f1-ijmm-42-02-0726){ref-type="fig"}). Apart from honey type no. 8, in that assay, honey sample nos. 4, 13 and 7 exhibited potent antioxidant activity, with IC~50~ values of 10.0, 17.5 and 19.0 mg/ml, respectively ([Fig. 1](#f1-ijmm-42-02-0726){ref-type="fig"}). Although some samples (e.g., 8, 4 and 13) exhibited similar antioxidant activity in both assays, the statistical comparison between the two assays revealed a moderate significant correlation (r=0.574, P\<0.05) ([Table IV](#tIV-ijmm-42-02-0726){ref-type="table"}). Manuka honey exhibited a weak antioxidant activity (IC~50~, 68.0 mg/ml) in DPPH assay and a moderate activity in ABTS^•+^ assay (IC~50~, 21.0 mg/ml) compared to the other honey types ([Fig. 1](#f1-ijmm-42-02-0726){ref-type="fig"}).

Correlation analysis was performed between the IC~50~ values of the DPPH and ABTS^•+^ assays and values from well diffusion assay for either S. *aureus* or *P. aeruginosa*. The analysis revealed that there was no significant correlation between the antioxidant and antimicrobial activities ([Table IV](#tIV-ijmm-42-02-0726){ref-type="table"}).

Four honey types (nos. 3, 4, 7 and 8), which exhibited a high antioxidant activity, were converted to powder using the freeze drying method. These powder samples were also examined for their antioxidant activity using ABTS^•+^ assay ([Table V](#tV-ijmm-42-02-0726){ref-type="table"}). The results revealed that, apart from honey type no. 7, the IC~50~ values of the honey types were similar before and after powder preparation, which suggested that the freeze drying method did not affect their antioxidant activity ([Table V](#tV-ijmm-42-02-0726){ref-type="table"} and [Fig. 1](#f1-ijmm-42-02-0726){ref-type="fig"}).

Total polyphenolic content (TPC) of the honey types
---------------------------------------------------

Since plant polyphenols are known as strong antioxidants, the TPC of the honey samples tested for their free radical-scavenging ability was measured in order to determine whether the polyphenolic content significantly contributed to their antioxidant activity. The TPC of the honey samples, as measured by the Folin-Ciocalteu method, ranged from 0.55 (sample 11) to 0.92 mg GAE/gr sample (samples 4 and 8) ([Table I](#tI-ijmm-42-02-0726){ref-type="table"}). Honey sample no. 6 also had a high TPC ([Table I](#tI-ijmm-42-02-0726){ref-type="table"}). Manuka honey had a moderate TPC (0.71 mg GAE/gr sample) compared to other honey types ([Table I](#tI-ijmm-42-02-0726){ref-type="table"}).

TPC was also measured in the powder samples ([Table V](#tV-ijmm-42-02-0726){ref-type="table"}). The results revealed that powder preparation by the freeze drying method reduced the TPC in all the samples (by 21-32%) ([Tables I](#tI-ijmm-42-02-0726){ref-type="table"} and [V](#tV-ijmm-42-02-0726){ref-type="table"}).

Statistical correlation analysis was also performed in order to estimate any correlation between the TPC and DPPH or ABTS^•+^ radical scavenging activity ([Table IV](#tIV-ijmm-42-02-0726){ref-type="table"}). This analysis revealed that there was a low non-significant negative correlation between the TPC and DPPH or ABTS^•+^ assays (r=−0.371 and r=−0.457 respectively; P\>0.05) ([Table IV](#tIV-ijmm-42-02-0726){ref-type="table"}). However, although there was not a high correlation between the TPC and antioxidant activity ([Table IV](#tIV-ijmm-42-02-0726){ref-type="table"}), when looking at TPC and DPPH or ABTS^•+^ values of each honey type separately, then it can be observed that some honey types (e.g., nos. 4 and 8) with a high TPC also had a high antioxidant activity ([Table I](#tI-ijmm-42-02-0726){ref-type="table"} and [Fig. 1](#f1-ijmm-42-02-0726){ref-type="fig"}).

Some polyphenols have also been reported to exhibit antimicrobial activity ([@b26-ijmm-42-02-0726]). Therefore, correlation analysis was performed between the TPC values and the values of well diffusion assay for either *S. aureus* or *P. aeruginosa* ([Table IV](#tIV-ijmm-42-02-0726){ref-type="table"}). No correlation was observed between TPC and well diffusion assay for *S. aureus*, although there was a significant moderate negative correlation (r=−0.567; P\<0.05) between TPC and well diffusion assay for *P. aeruginosa* ([Table IV](#tIV-ijmm-42-02-0726){ref-type="table"}).

Discussion
==========

Olympus is the highest Greek mountain located in central Greece and is characterized by a high plant biodiversity (1,500 plant species of which 26 are endemic) ([@b20-ijmm-42-02-0726]). It is known that chemical composition and bioactivity of honey are greatly affected by the botanical and entomological source, as well as by the climate and geographical location ([@b4-ijmm-42-02-0726],[@b5-ijmm-42-02-0726]). Therefore, investigating the bioactivity of honey types derived from the Mt. Olympus area is of great interest.

In this study, 21 honey types derived from the Mt. Olympus area were screened for their antibacterial activity compared to Manuka honey by two different methods. Initial screening with the agar well diffusion assay demonstrated that all tested honey types exhibited antibacterial activity against *S. aureus* and *P. aeruginosa*. Nevertheless, the tested honey types demonstrated smaller inhibition zones of *P. aeruginosa* compared to those of *S. aureus*, thus indicating that *P. aeruginosa* is less susceptible to the antibacterial activity of honey. This finding is in accordance with the findings of previous studies ([@b7-ijmm-42-02-0726],[@b27-ijmm-42-02-0726],[@b28-ijmm-42-02-0726]), possibly reflecting a higher intrinsic resistance of *P. aeruginosa* to the antibacterial potency of honey. Of note, Spearman\'s correlation analysis did not reveal any significant correlation of the antibacterial activity of honey against the two tested pathogens, suggesting that there was variability regarding the distinct antibacterial mechanisms and potency among the tested honey types.

It is generally accepted that MIC measurement in broth is a more sensitive and quantitatively accurate method with which to study the antimicrobial activity of honey compared to agar well diffusion assay, as the diffusion rates of active substances may be slower in agar than in broth ([@b7-ijmm-42-02-0726],[@b16-ijmm-42-02-0726],[@b29-ijmm-42-02-0726]). Therefore, the MIC values of the honey types were determined in broth using a spectrophotometric-based assay. The MIC values demonstrated a high antibacterial activity of the honey types against both tested pathogens, particularly *S. aureus*, as it was documented by lower MIC values, which was in accordance with data obtained by the agar well diffusion assay.

Of note, 7 and 9 of the tested honey types demonstrated lower MICs than Manuka honey against *S. aureus* and *P. aeruginosa*, respectively. The antibacterial activity of the honey types against both pathogens may be attributed mainly to hydrogen peroxide, as illustrated by sharply elevated MIC values (up to 8-fold) following treatment with catalase. Indeed, hydrogen peroxide measurements in honey types derived from Mt. Olympus have exhibited high concentrations of hydrogen peroxide, which reflect its contribution to the antibacterial activity (unpublished data). On the contrary, methylglyoxal could not be detected in tested honey types (unpublished data). Apart from hydrogen peroxide, unidentified proteinaceous compounds of some honey types contributed to antibacterial activity against both pathogens, as it was demonstrated by their elevated MIC values following treatment with proteinase K. Of note, the antibacterial activity of some honey types (e.g., 17) against one of the two tested bacterial strains may be solely attributed to hydrogen peroxide, while hydrogen peroxide and proteinaceous compounds contributed to antibacterial activity of the same honey type against the second tested pathogen. Thus, this difference reflected an altered bacterial susceptibility due to distinct antibacterial mechanisms of honey against the two tested microorganisms.

In addition to its nutritional value, the antioxidant activity of honey is also considered important for human health ([@b1-ijmm-42-02-0726],[@b17-ijmm-42-02-0726]). For example, the modulation of oxidative stress has been suggested as one of the mechanisms through which honey exerts chemo-preventive effects against cancer ([@b1-ijmm-42-02-0726]). In this study, the two most frequently used methods for assessing free radical scavenging ability were performed, the DPPH and ABTS^•+^ assays. These two free radical scavenging assays revealed that the IC~50~ values ranged from 7.5-109 mg/ml for DPPH assay and from 4.5-81 mg/ml for ABTS^•+^ assay. These values are in accordance with data from similar studies on the antioxidant activity of raw honey samples, that is, samples were not processed for obtaining extracts enriched in bioactive compounds ([@b30-ijmm-42-02-0726]-[@b32-ijmm-42-02-0726]). Thus, some honey types (e.g., 3, 4, 8 and 13) that exhibited the lowest IC~50~ values had an exceptionally high antioxidant activity compared to the literature. It is noteworthy, that in both DPPH and ABTS^•+^ assays, the most potent honey type was no. 8 derived from mint, herbs and acacia as botanical sources. However, although there was a statistically significant correlation of the IC~50~ values between DPPH and ABTS^•+^ assays, this was not high. This finding indicated that in some honey types (e.g., 1, 3 and 5) with greatly variable IC~50~ values between the DPPH and ABTS^•+^ assays, different compounds may be responsible for the scavenging of the respective radicals. Since the ABTS^•+^ assay was carried out in aqueous solvent, while DPPH assay in methanol, hydrophilic compounds mainly accounted for the scavenging of ABTS^•+^ radical and non-polar compounds for the scavenging of DPPH radical. As regards the antioxidant activity of Manuka honey, it was shown to be one of the less potent honey types in DPPH assay, while in ABTS^•+^ assay, it was the fifth most potent among the 13 tested honey types. These results suggested that the hydrophilic compounds of Manuka honey may mainly account for its antioxidant activity. The main antioxidant compounds of Manuka honey have been reported to be flavonoids and methyl syringate ([@b33-ijmm-42-02-0726],[@b34-ijmm-42-02-0726]). In other studies, the IC~50~ values of Manuka honey in DPPH and ABTS^•+^ assays exhibited great variation (from \~5-45 mg/ml), which is probably due to the region from which honey is produced ([@b35-ijmm-42-02-0726]). Thus, the data from this study indicated that the most potent honey types derived from the Mt. Olympus region demonstrated antioxidant activity comparable or superior than that of Manuka honey.

As mentioned above, the antioxidant properties of honey are attributed at large to its polyphenols, and thus the TPC was estimated in all samples. The TPC values ranged from 0.55-0.92 mg GAE/g of sample. These values were in accordance to the TPC of the honey types, found in similar studies ([@b30-ijmm-42-02-0726],[@b36-ijmm-42-02-0726],[@b37-ijmm-42-02-0726]). The TPC of Manuka honey (0.71 mg GAE/g) was also in agreement with that of other studies ([@b32-ijmm-42-02-0726],[@b38-ijmm-42-02-0726]). As regards the influence of the TPC on the antioxidant activity, the findings were ambiguous. On the one hand, some of the honey types (e.g., nos. 4 and 8) with a high antioxidant activity also had the highest TPC values, while honey type no. 11 with a low TPC exhibited a weak antioxidant capacity. However, the statistical correlation analysis revealed that there was no significant correlation between either DPPH or ABTS^•+^ assay and TPC. Similarly, findings from previous studies on the association between TPC and antioxidant activity have been contradictory. For example, some studies have shown that the antioxidant activity depends on the TPC ([@b30-ijmm-42-02-0726]), while others have reported that apart from TPC, other factors may affect the antioxidant activity, such as the concentration of mineral contents, organic acids, vitamins (e.g., ascorbic acid), amino acids (e.g., proline, glycine and glutamic acid) and proteins ([@b37-ijmm-42-02-0726],[@b39-ijmm-42-02-0726]). These contradictions regarding the correlation of antioxidant activity and TPC may be explained by the botanical source of honey. Namely, there are plant species of which their antioxidant activity depends on the quantity of polyphenols, while in other plant species their antioxidant activity depends not on the quantity, but mainly on the chemical composition of polyphenols ([@b23-ijmm-42-02-0726]). The importance of chemical composition of honey\'s polyphenols is supported by the findings from the study by Sant\'Ana *et al* ([@b31-ijmm-42-02-0726]), which demonstrated that the antioxidant activity of honey did not correlated with TPC, although it correlated with the amount of flavonoids, a subclass of polyphenols.

Furthermore, the Spearman\'s correlation analysis that was performed in this study demonstrated a significant correlation between TPC and antibacterial activity against *P. aeruginosa*, but not against *S. aureus*. This may indicate that polyphenols contributed to antibacterial activity likely by inhibiting virulence factors of *P. aeruginosa*, such as bacterial motility, adherence or biofilm formation as demonstrated in other studies ([@b40-ijmm-42-02-0726]).

Honey types which exhibit interesting bioactivities may be applied as medicines, sweeteners, or as flavorings and the development of biofunctional foods. However, for these applications, it is not always practical to use raw honey. Therefore, in this study, 4 honey types demonstrating a high antioxidant activity were converted to powder using a freeze drying method. The results revealed that after conversion to powder, all honey types, but one retained their antioxidant activity, although their TPC was reduced by 21-32%. This indicated that encapsulation improved the antioxidant activity, possibly due to the better surface dispersion of the active polyphenolic spots which caused increased reactivity with free radicals. Thus, these findings suggested that this freeze drying method was effective for transforming honey to powder that can be used for different purposes in order to exploit the beneficial effects of honey on human health.

In conclusion, the present study was the first to examine antioxidant and antibacterial activities of honey types derived from Mt. Olympus which exhibits a high plant biodiversity. The tested honey types exerted antibacterial activity against *S. aureus* and *P. aeruginosa*. Importantly, some of the honey types had a higher antibacterial activity than Manuka honey, which is used as an alternative medicine. It seemed that hydrogen peroxide and proteinaceous compounds found in the honey types were responsible, at least in part, for the observed antibacterial activity. In addition, the TPC of the honey types accounted for the antibacterial activity against *P. aeruginosa*. Moreover, some of the tested honey types exerted higher free radical scavenging activity than Manuka honey. Thus, the antibacterial and antioxidant properties of honey types derived from Mt. Olympus, particularly those which are comparable or even superior to Manuka honey, warrant further investigation, as this may lead to applications in medicine and food industry.
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###### 

Botanical source, geographical location, harvest date and TPC of the honey types.

  Honey number   Botanical source              Geographical location   Harvest date   TPC[a](#tfn1-ijmm-42-02-0726){ref-type="table-fn"}
  -------------- ----------------------------- ----------------------- -------------- ----------------------------------------------------
  1              Polyfloral                    Karia                   July, 2013     0.66
  2              Alfalfa and herbs             Elassona                July, 2013     0.72
  3              Polyfloral                    Sikea                   July, 2013     0.72
  4              Oregano and herbs             Paliampela              July, 2013     0.92
  5              Polyfloral                    Domeniko                July, 2013     0.64
  6              Polyfloral                    Skamnia                 July, 2013     0.78
  7              Polyfloral                    Sarantaporo             July, 2013     0.59
  8              Mint, herbs and acacia        Krania                  June, 2013     0.92
  9              Polyfloral                    Azoro                   July, 2013     0.71
  10             Polyfloral                    Verdikoussia            July, 2013     0.67
  11             Polyfloral                    Kalithea                July, 2013     0.55
  12             Polyfloral                    Karia                   June, 2012     0.67
  13             Polyfloral and chestnut       Lechonia                2013           0.61
  14             Polyfloral and conifers       Domeniko                2012           0.71
  15             Polyfloral                    Karia                   July, 2014     ND[b](#tfn2-ijmm-42-02-0726){ref-type="table-fn"}
  16             Polyfloral                    Elassona                2012           ND
  17             Herbs                         Drimos                  2014           ND
  18             Acacia, Abies and Sideritis   Karia                   August, 2014   ND
  19             Polyfloral and conifers       Azoros                  August, 2014   ND
  20             Polyfloral and conifers       Galanovrissi            2014           ND
  21             Polyfloral and conifers       Karia                   July, 2014     ND
  Manuka         --                            --                      --             0.71

TPC was expressed as mg of gallic acid/g sample.

ND, not determined. TPC, total polyphenolic content.

###### 

Antibacterial activity of honeys against *Staphylococcus aureus* in comparison to Manuka honey in agar well diffusion and MIC assays.

  Honey code no.   Well diffusion assay                                       MIC % (v/v)                                                MIC % (v/v) +catalase[b](#tfn4-ijmm-42-02-0726){ref-type="table-fn"} honey   MIC % (v/v) + proteinase K[b](#tfn4-ijmm-42-02-0726){ref-type="table-fn"} honey                                                          
  ---------------- ---------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------------------------- --------------------------------------------------------------------------------- ------------------------------------------------------ --------
  1                22±0.5 mm[a](#tfn3-ijmm-42-02-0726){ref-type="table-fn"}   18±1.5 mm[a](#tfn3-ijmm-42-02-0726){ref-type="table-fn"}   3.125                                                                        6.250                                                                             25.0                                                   3.125
  2                20±1.0 mm                                                  18±1.0 mm                                                  6.250                                                                        6.250                                                                             25.0                                                   6.250
  3                23±0.5 mm                                                  18±3.0 mm                                                  3.125                                                                        6.250                                                                             25.0                                                   6.250
  4                20±0.5 mm                                                  18±1.0 mm                                                  6.250                                                                        6.250                                                                             25.0                                                   6.250
  5                17±0.5 mm                                                  16±1.0 mm                                                  12.500                                                                       6.250                                                                             25.0                                                   12.500
  6                20±2.0 mm                                                  15±1.5 mm                                                  6.250                                                                        6.250                                                                             12.5                                                   6.250
  7                20±0.5 mm                                                  16±1.0 mm                                                  6.250                                                                        6.250                                                                             25.0                                                   6.250
  8                21±3.0 mm                                                  16±1.0 mm                                                  6.250                                                                        6.250                                                                             12.5                                                   6.250
  9                21±0.5 mm                                                  16±0.5 mm                                                  6.250                                                                        6.250                                                                             25.0                                                   6.250
  10               21±0.5 mm                                                  15±1.0 mm                                                  3.125                                                                        6.250                                                                             25.0                                                   6.250
  11               18±2.0 mm                                                  15±1.0 mm                                                  6.250                                                                        6.250                                                                             25.0                                                   6.250
  12               21±2.0 mm                                                  15±2.0 mm                                                  6.250                                                                        6.250                                                                             50.0                                                   6.250
  13               22±1.0 mm                                                  17±1.0 mm                                                  6.250                                                                        6.250                                                                             ND[c](#tfn5-ijmm-42-02-0726){ref-type="table-fn"} ND   
  14               17±1.0 mm                                                  16±1.0 mm                                                  6.250                                                                        6,250                                                                             ND                                                     ND
  15               17±2.0 mm                                                  18±1.0 mm                                                  6.250                                                                        6.250                                                                             ND                                                     ND
  16               16±0.0 mm                                                  16±1.0 mm                                                  6.250                                                                        6.250                                                                             ND                                                     ND
  17               23±2.0 mm                                                  19±0.0 mm                                                  3.125                                                                        6.250                                                                             25.0                                                   6.250
  18               20±0.0 mm                                                  17±1.0 mm                                                  3.125                                                                        6.250                                                                             12.5                                                   3.125
  19               16±1.0 mm                                                  16±1.0 mm                                                  3.125                                                                        6.250                                                                             12.5                                                   6.250
  20               17±1.0 mm                                                  16±1.0 mm                                                  3.125                                                                        6.250                                                                             12.5                                                   3.125
  21               18±1.0 mm                                                  15±1.0 mm                                                  6.250                                                                        6.250                                                                             ND                                                     ND

Mean values of inhibition zones ± SD.

MIC values of catalase- or proteinase K-treated honey types.

ND, not determined.

###### 

Antibacterial activity of honeys against *Pseudomonas aeruginosa* in comparison to Manuka honey in agar well diffusion and MIC assays.

  Honey code no.   Well diffusion assay                                     MIC % (v/v)                                              MIC % (v/v) +catalase[b](#tfn4-ijmm-42-02-0726){ref-type="table-fn"} honey   MIC % (v/v) + proteinase K[b](#tfn4-ijmm-42-02-0726){ref-type="table-fn"} honey           
  ---------------- -------------------------------------------------------- -------------------------------------------------------- ---------------------------------------------------------------------------- --------------------------------------------------------------------------------- ------- -------
  1                18±1 mm[a](#tfn6-ijmm-42-02-0726){ref-type="table-fn"}   12±0 mm[a](#tfn6-ijmm-42-02-0726){ref-type="table-fn"}   12.50                                                                        12.50                                                                             25.00   12.50
  2                14±1 mm                                                  13±0 mm                                                  12.50                                                                        12.50                                                                             25.00   12.50
  3                14±2 mm                                                  12±1 mm                                                  12.50                                                                        12.50                                                                             25.00   12.50
  4                16±1 mm                                                  13±1 mm                                                  12.50                                                                        12.50                                                                             25.00   12.50
  5                16±1 mm                                                  13±0 mm                                                  12.50                                                                        12.50                                                                             25.00   12.50
  6                15±1 mm                                                  14±1 mm                                                  12.50                                                                        12.50                                                                             25.00   12.50
  7                16±2 mm                                                  13±2 mm                                                  12.50                                                                        12.50                                                                             25.00   12.50
  8                16±1 mm                                                  14±1 mm                                                  6.25                                                                         12.50                                                                             25.00   12.50
  9                14±2 mm                                                  9±0 mm                                                   12.50                                                                        12.50                                                                             25.00   12.50
  10               16±1 mm                                                  14±0 mm                                                  6.25                                                                         12.50                                                                             25.00   12.50
  11               13±1 mm                                                  7±5 mm                                                   12.50                                                                        12.50                                                                             25.00   12.50
  12               15±2 mm                                                  8±1 mm                                                   6.25                                                                         12.50                                                                             25.00   12.50
  13               14±1 mm                                                  11±1 mm                                                  12.50                                                                        12.50                                                                             25.00   12.50
  14               10±1 mm                                                  9±1 mm                                                   6.25                                                                         12.50                                                                             25.00   12.50
  15               15±1 mm                                                  11±1 mm                                                  6.25                                                                         12.50                                                                             25.00   12.50
  16               12±1 mm                                                  10±1 mm                                                  12.50                                                                        12.50                                                                             25.00   12.50
  17               13±0 mm                                                  10±0 mm                                                  6.25                                                                         12.50                                                                             25.00   6.25
  18               13±1 mm                                                  10±0 mm                                                  6.25                                                                         12.50                                                                             12.50   6.25
  19               11±0 mm                                                  9±0 mm                                                   12.50                                                                        12.50                                                                             25.00   12.50
  20               12±1 mm                                                  10±0 mm                                                  6.25                                                                         12.50                                                                             12.50   6.25
  21               10±1 mm                                                  10±0 mm                                                  6.25                                                                         12.50                                                                             12.50   12.50

Mean values of inhibition zones ± SD.

MIC values of catalase- or proteinase K-treated honey types.

###### 

Correlation coefficient (r) values estimated from correlation analysis between values of DPPH, ABTS, TPC and well diffusion assays in *S. aureus* and *P. aeruginosa* of honey samples.

                                     DPPH   ABTS                                                   TPC      Well diffusion assay *S. aureus*   Well diffusion assay *P. aeruginosa*
  ---------------------------------- ------ ------------------------------------------------------ -------- ---------------------------------- -------------------------------------------------------
  DPPH                                      0.574[a](#tfn8-ijmm-42-02-0726){ref-type="table-fn"}   −0.371   −0.055                             0.064
  ABTS                                                                                             −0.457   −0.003                             0.260
  TPC                                                                                                       0.176                              −0.567[a](#tfn8-ijmm-42-02-0726){ref-type="table-fn"}
  Well diffusion assay *S. aureus*                                                                                                             −0.031

Correlation is statistically significant at P\<0.05. DPPH, 2,2-diphenyl-1-picrylhydrazyl; ABTS, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sul-phonic acid; TPC, total polyphenolic content; *P. aeruginosa*, *Pseudomonas aeruginosa*; *S. aureus*, *Staphylococcus aureus.*

###### 

Antioxidant capacity and TPC of the honey powders.

  Honey code no.   ABTS^•+^ IC~50~ (mg/ml)[a](#tfn9-ijmm-42-02-0726){ref-type="table-fn"}   TPC[b](#tfn10-ijmm-42-02-0726){ref-type="table-fn"}
  ---------------- ------------------------------------------------------------------------ -----------------------------------------------------
  3                23.0±0.9                                                                 0.52
  4                11.0±0.2                                                                 0.72
  7                35.0±3.5                                                                 0.40
  8                5.5±0.3                                                                  0.67

Values are the means ± SD of at least 2 separate triplicate experiments.

TPC was expressed as mg of gallic acid/g sample. TPC, total polyphenolic content; ABTS^•+^, 2,2′-azino-bis(3-ethylbenzothiazo-line-6-sulphonic acid.
